Target contrast thresholds were measured using vertical spatial Gabor targets in the presence of full field maskers of the same spatial frequency and orientation. In the first experiment both target and masker were 2 cpd. The target was modulated at a frequency of 1 or 10 Hz and the maskers varied in temporal frequency from 1 to 30 Hz and in contrast from 0.03 to 0.50. In the second experiment both target and masker had a spatial frequency of 1, 5 or 8 cpd. The target was modulated at 7.5 Hz and the same set of maskers was used as in the first experiment. The results are not consistent with a widely used model that is based on mechanisms in which excitation is summed linearly and the sum is transformed by an S-shaped nonlinear excitation-response function. A new model of human pattern vision mechanisms, which has excitatory and divisive inhibitory inputs, describes the results well. Parameters from the best fit of the new model to the results of the first experiment show that the 1 Hz and 10 Hz targets were detected by mechanisms with temporal low-pass and band-pass excitatory sensitivity, respectively. Fits to the second experiment suggest that at 1 cpd, the excitatory tuning of the detecting mechanism is band-pass. At 5 and 8 cpd, the mechanisms are excited by a broad range of temporal frequencies. Mechanism sensitivity to divisive inhibition depends on temporal frequency in the same general way as sensitivity to excitation. Mechanisms are more broadly tuned to divisive inhibition than to excitation, except when the target temporal frequency is high.
Introduction
Current theories of human pattern vision hold that the initial stages of visual processing involve an array of mechanisms, each responsible for detection within a subset of the stimulus domain. The first evidence was derived from experiments on the detection of spatial patterns that suggested the existence of mechanisms differentially tuned to spatial frequency (Campbell & Robson, 1967) . The idea that these mechanisms can also be characterized by their temporal properties soon followed. Early experiments showed that the shape of the temporal contrast sensitivity function (TCSF) varies with spatial frequency (Robson, 1966; van Nes, Koenderink, Nas & Bouman, 1967; Kelly, 1972; Koenderink & van Doorn, 1979) . At low spatial frequencies, the TCSF has a band-pass temporal characteristic, while low-pass characteristics are found at high spatial frequencies. As a consequence, if there are mechanisms with different spatial frequency tuning they must also differ in temporal tuning.
A variety of additional psychophysical techniques have been used to investigate the temporal properties of individual pattern vision mechanisms. These include phenomenological threshold sensation experiments (Keesey, 1972; Kulikowski & Tolhurst, 1973; KingSmith & Kulikowski, 1975; Green, 1981) , pattern adaptation to gratings (Green, 1981) , discrimination at threshold (Watson & Robson, 1981; Thompson, 1983; Hess & Plant, 1985) , discrimination above threshold (Mandler, 1984; Mandler & Makous, 1984) , metameric matching of temporal frequencies (Richards, 1979) , subthreshold summation (Tolhurst, 1975; Breitmeyer & Ganz, 1977) , motion direction discrimination (Anderson & Burr, 1985) , reaction times to the onset of gratings (Breitmeyer, 1975; Tartaglione, Goff, & Benton, 1975; Harwerth & Levi, 1978) and measures of response integration time (Breitmeyer & Ganz, 1977; Legge, 1978) . This literature was reviewed by . These experiments show that there are only a few temporal mechanisms operating at a given spatial frequency. At low spatial frequencies, inferred mechanisms generally have band-pass characteristics and lowpass temporal tuning is found at high spatial frequencies.
The paradigm used in this study is simultaneous masking. Simultaneous masking occurs when one transient stimulus (the masker) reduces the detectability of another stimulus (the target). A common model of the pattern vision mechanism associated with masking experiments assumes a spatiotemporal linear filter followed by an invariant S-shaped contrast response function (Legge & Foley, 1980; Wilson, McFarlane & Phillips, 1983) . Masking is predicted with the Fechnerian notion that the target, at threshold, produces a constant increment in the mechanism's response above the response to the masker alone. Masking occurs when the masker increases the response of the mechanism to where the slope of the response function begins to decrease, requiring a higher target contrast to produce the increment in response required for detection. We call this the nonlinear excitation model (or NE model) of pattern masking.
Two lines of evidence for multiple mechanisms differing in temporal sensitivity come from the application of the NE model to masking results. First, the shape of the function that relates target contrast at threshold to masker contrast, or TvC function, varies with spatial and temporal frequency of the target. When target and masker have low spatial and high temporal frequencies, the rising portion of the TvC function is steeper than for high spatial and low temporal frequencies (Burbeck & Kelly, 1980; Pantle, 1983; Lehky, 1985; Hess & Snowden, 1992) . According to the NE model, the contrast response function for low spatial/high temporal frequency mechanisms shows greater response compression than for high spatial/low temporal frequency mechanisms. Since the shape of the contrast response function is constant for a single mechanism, these results suggest that at least two classes of mechanisms exist.
The second line of evidence comes from masking functions, which relate target threshold to masker temporal frequency. Masking functions are obtained by fixing the temporal frequency of the target and varying the temporal frequency of the masker at a fixed masker contrast. According to the NE model, masking functions are sufficient to determine the sensitivity of detecting mechanisms (up to a scale factor) in a manner analogous to Stiles (1949) field sensitivity measurements of chromatic mechanisms. Lehky (1985) and Hess and Snowden (1992) measured masking functions and estimated the temporal sensitivity of the detecting mechanism by fitting variations of the NE model to psychophysical results.
Recent work has cast doubt on whether the NE model, whether used explicitly or implicitly, is correct (Foley, 1994; Foley & Boynton, 1994) . In the present study we test the NE model in the temporal domain by measuring the entire TvC function for each of several masker temporal frequencies. The experiments in this paper concern the detectability of Gabor patterns that are simultaneously masked by gratings of the same spatial frequency and orientation. Both masker and target are temporally modulated in counterphase. By using five target stimuli we test the model for different regions of the spatio-temporal domain. We show that the NE model is inconsistent with our results for all five targets. As an alternative, we describe a new model of the human pattern vision mechanism (Foley, 1994; Foley & Boynton, 1994) in which each mechanism has a divisive inhibitory input in addition to a linear excitatory input. We call this the divisive inhibition model (or DI model) in this paper. We show that the new model fits the data well and provides parameter values that characterize the temporal properties of pattern vision mechanisms. Since the past masking experiments have been interpreted using the NE model of masking, the studies reviewed above are re-evaluated in light of the new model.
The models that we consider are functional models in the sense that they attempt to describe the relation between the stimuli and performance. The models assume pattern vision mechanisms that resemble cortical simple cells in some respects, but we do not identify them with cells; they are defined solely by their mathematical properties. Unlike other models (Teo & Heeger, 1994; Watson & Solomon, 1997) , our models do not assume specific spatial and temporal sensitivity functions for the mechanisms. Instead, they allow mechanism sensitivities to be estimated from experimental data. If sensitivities are estimated for a set of sinewave gratings that differ along some dimension (e.g. spatial or temporal frequency), we can use these to estimate mechanism sensitivity along the corresponding dimension (space or time). Thus we assume only the most fundamental properties of the mechanisms and allow other properties, such as sensitivity, to be estimated on the basis of experimental data. The models are evaluated both by their qualitative predictions and their ability to fit data. In spite of their flexibility, if functional models of this kind can be found that will fit a large body of data well, they will provide a concise way to summarize families of TvC functions and thus show the constraints that any structural model of these phenomena must satisfy. In addition to linear summation of excitation over a receptive field the DI model assumes a mechanism that receives a broadband inhibitory input which is independent of excitation.
The three models that were tested in this study are described in the following section.
Models
2.1. Single-mechanism nonlinear excitation model (NE 1 ) Fig. 1A illustrates the single-mechanism nonlinear excitation (NE 1 ) model of human pattern vision mechanisms. The input stimulus, whether masker or target plus masker is comprised of pattern components, which in our case are sinewave gratings and Gabor patterns. The contrast of these patterns is defined as (peak luminance− background luminance)/background luminance. This is equivalent to Michelson contrast for sinewave components. Since our patterns vary in time, the response of the detecting mechanisms very likely varies in time. However, we assume that the detection of our target patterns depends on the response of the detecting mechanism at one moment in time, which in turn depends on the input to the mechanism at that moment.
The excitation of the mechanism produced by any pattern component is given by:
Where C i is the contrast of that component and S Ei is the excitatory sensitivity of the mechanism to that component. Net excitation is the sum of excitation across all pattern components.
Net excitation is halfwave rectified:
and fed into an S-shaped static nonlinearity R(E):
The parameters p and Z characterize the mechanism, and are constant within a family of TvC functions.
This model was not adequately tested until recently. One testable implication is that if a single mechanism detects a target, any masker that excites the mechanism can only shift the TvC function along the masker contrast axis by a multiplicative constant (Foley, 1994) . However, Ross and Speed (1991) and Foley (1994) showed that this horizontal translation rule fails for maskers that are very different from the target in either orientation or spatial frequency.
Two-mechanism nonlinear excitation model (NE 2 )
One possible way to reconcile the violation of the horizontal translation rule is to assume that more than one mechanism is involved in the detection of the target. The NE model can easily be extended to assume multiple independent mechanisms. If there are two mechanisms, the response of each mechanism is:
The combined response across the two mechanisms is:
Where n ] 2. The NE 2 model makes similar predictions to the NE 1 model, except that the rising portion of the predicted TvC functions may show scallops at the target contrast threshold where the second mechanism takes over the role of detecting the target. The one and two mechanism nonlinear excitation models were recently shown to be unable to predict masking results in which the relative orientation of the masker to target is varied (Foley, 1994; Foley & Boynton, 1994 ).
Di6isi6e inhibition model (DI)
This failure led to a new model of human pattern vision mechanisms (Foley, 1994; Foley & Boynton, 1994) . This model was inspired by models of neurophysiology of cells in visual cortex (Albrecht & Geisler, 1991; Heeger, 1992) . According to this divisive inhibition (DI) model, pattern masking is a consequence of divisive suppression. The model describes masking results for maskers that vary in orientation, contrast and spatial phase as well as for combinations of two maskers. Fits of the model to these results show that the sensitivity to excitatory inputs is more narrowly tuned than sensitivity to divisive inhibitory inputs. Foley (1994) describes two versions of the DI model. The version described in the present study is his model 2 and is illustrated in Fig. 1B . In this model excitation is computed as in Eqs.
(1) -(3). The inhibition, produced by the components of the stimulus, is summed linearly. For temporally modulated stimuli, inhibition may vary in time. However, as with excitation we assume that the threshold depends on the inhibition at one moment in time. The inhibition is given by:
The mechanism response is given by:
A comparison of Eq. (4) and Eq. (7) shows that the divisive inhibition model is formally a more general version of the nonlinear excitation model. If I= E and q= 2, the two models are mathematically identical. Since I and E are not always equal, it makes sense to interpret them as a separate inputs to the mechanism.
Predicting masking results from models
The models described above can predict masking results through the assumption that a target is detectable only when the response of the mechanism to the target and masker combined exceeds the response to the masker alone by a fixed increment. For the DI model, let E m and I m be the excitatory and inhibitory inputs to the mechanism produced by the masker, and E mt and I mt be the excitatory and inhibitory inputs produced by the target and masker combined. Then the target is at threshold if:
It is of interest to look at the model's predictions of the TvC function for different parameter values. Consider the case where S Em = 0, and hence E m = 0 and R(E m , I m )= 0. The target is therefore at threshold when: R(E t , I mt )= 1. Where E t is the excitatory response to the target alone. When the masker and target are presented together, the denominator of the response transform increases monotonically with masker contrast while the numerator depends only on target contrast. Thus the contrast of the target must increase with masker contrast to keep the response of the target plus masker at threshold. This is pure divisive inhibitory masking. Fig. 2 shows predicted TvC functions using typical parameter values. Note that for pure divisive inhibitory masking, the TvC function rises monotonically without a dip (facilitation). The DI model predicts that if S Em and S Im are scaled by the same constant, then the TvC function shifts horizontally on log-log coordinates. Scaling S Et and S It together shifts the TvC function vertically on log-log coordinates, much like the nonlinear excitation model.
However, unlike the NE models, an increase of S Em with respect to S Im enhances the predicted facilitation and therefore changes the shape of TvC function.
Our goal in this study is to test these three models of human pattern vision mechanisms. The best fitting model will be used to estimate mechanism parameters, including sensitivities.
Methods

Equipment
Stimuli were generated using a computer graphics system that consisted of an AST 386/20 computer, a Truevision ATVISTA graphics board with 2 MB video memory, a contrast mixer and attenuator circuit, and two video monitors operating at a 60 Hz frame rate. Truevision Stage graphics software was used for image generation and control. The maskers and targets were generated on two different monitors and were combined by a beam splitter. Images of the fixation field, the masker field and the target field were computed and stored on the graphics board. Each of these images was 512× 400 pixels and the intensity at each point was specified by an 8-bit number. The methods of contrast control are described by Watson, Nielson, Poirson, Fitzhugh, Bilson, Nguyen and Nguyen (1986) and were adapted to the masking paradigm and to our system. The contrasts of the masker and target were controlled by the green and red channels of the graphics system, respectively. An external analog circuit attenuated one or both of these signals. A blue channel signal was added to these to maintain constant mean luminance. The combined signal was then directed to the green input line of a monitor so that all of the stimuli were monochrome green. The lookup tables had the dual role of determining contrast and correcting for the nonlinear relation between voltage and screen intensity. As a consequence, the number of possible intensities in each pattern component was approximately 180. Two ranges of contrast were made possible by the attenuator circuit so that low contrast patterns could be presented without loss of wave-form definition.
Stimuli
Viewing distance was 162 cm and the visual angle subtended by the stimulus field was 7°horizontal×5°v ertical. The mean luminance was 33 cd/m 2 . The fixation field was uniform except for a small dark fixation point at the center. The surround was dark.
Spatially, all maskers were vertical sinewave gratings that filled the entire field. Targets were Gaussian windowed vertical sinewave gratings (Gabor patterns) with center spatial frequencies equal to the spatial frequency of the masker. Maskers and targets were both in cosine phase with the fixation point. The Gaussian window of the target was centered on the fixation point and had an 1/e space constant of 1.875°in both vertical and horizontal directions except for the 5 cpd condition of Experiment 2 where the half-width was 0.375°. Spatially restricted targets were used so that they would stimulate a region of the retina that is relatively homogeneous with respect to spatial properties. Contrast for both patterns was defined as (peak luminance− background luminance)/background luminance. This is equivalent to Michelson contrast for the sinewave maskers. Contrast is measured in decibels (dB re 1) where 1 dB is one twentieth of a log unit.
Temporal profiles of a typical target and masker are shown in Fig. 3A . Temporally, all maskers were modulated in counterphase. Masker duration was 667 ms (40 frames) and modulation was in cosine phase with the center of the presentation interval. The limited frame rate (60 Hz) of the monitors means that the temporal profile is only approximately sinusoidal even at low temporal frequencies. At temporal frequencies above 15 Hz the masker temporal waveform was a square-wave. Targets were Gabor patterns in time modulated within a Gaussian window with an 1/e time constant of 105 ms (6.33 frames). Both the cosine phase of the carrier frequency and the Gaussian window of the Gabor target were centered in the masker's presentation interval. The target reached peak contrast 333 ms after the onset of the masker, a period long enough that the transience of the onset should not have influenced target detection. The short duration of the target produces a fairly broad band-width in temporal frequency spectrum. The amplitude spectrum of the three target stimuli used in this paper are shown Fig. 3B . We refer to targets by the temporal frequency of the cosine-wave that is modulated by the Gaussian envelope.
Procedure
A two position spatial forced-choice method was used to determine target contrast thresholds. On each trial the target was presented with equal probability either centered 0.8°directly above or below the fixation point. A tone was presented during the target interval. The observer responded by pushing a lever forward or back to indicate target 'above' or 'below'. The response was followed by a high or a low tone indicating correct or incorrect. The QUEST procedure (Watson & Pelli, 1983 ) was used to adjust the contrast so as to seek the contrast corresponding to a probability correct of 0.92. As pointed out by Watson and Pelli (1983) , the 0.92 probability correct criterion minimizes the 'sweat factor' which, for the QUEST procedure, places the intensities during the staircase sequence at locations that are optimal for estimating the position of the psychometric function. The sequence was terminated after 40 trials, or 50 trials if there were no errors on the last 20 trials. Each condition was repeated three or four times and conditions were presented in a random order blocked by masker temporal frequency.
Subjects
One of the authors, GMB, served as a subject. A second subject, JYS, was a 20 year old female undergraduate student at the University of California at Santa Barbara. Both subjects had resolution acuity of 20/20 without correction and were highly practiced psychophysical observers. JYS was naive in regard to the purpose of these experiments.
3.5. Experiment 1 3.5.1. Target and masker spatial frequency 2 cpd; two target temporal frequencies of 1 and 10 Hz Table 1 summarizes the design of the experiment. All stimuli had a spatial frequency of 2 cpd. Both low and high temporal frequency targets (1 and 10 Hz) were detected in the presence of a masker modulating at 1, 5, 10, 20 or 30 Hz. These low and high target temporal frequencies were chosen so that if there are mechanisms tuned to different ranges of temporal frequency, they are likely to be detected by different mechanisms. A TvC function was measured for each masker and target frequency combination by using several masker contrasts ranging from −50 to −6 dB re 1, as well as a zero contrast masker. Each condition was repeated three or four times. Thus, for each of the two targets, a set of five TvC functions was measured. A set of TvC functions that share a common target configuration will be called a family of TvC functions. A diagram showing the stimulus conditions in spatio-temporal space is shown in Fig. 4A. 3.6. Experiment 2 3.6.1. Target of 7.5 Hz with spatial frequencies of 1,5 and 8 cpd Fig. 4B illustrates the stimulus conditions in Experiment 2. The experimental design is shown in Table 2 . The target temporal frequency was always 7.5 Hz and the spatial frequency of target and masker were varied together. Since the temporal contrast sensitivity function is band-pass at low spatial frequencies and low-pass at high spatial frequencies (Robson, 1966; Kelly, 1972) , manipulating the spatial frequency of the target and masker is a second way to favor particular classes of detecting mechanism (Breitmeyer & Ganz, 1977) . Each target was detected in the presence of a masker modulating at 1, 4, 7.5, 15 or 30 Hz. Masker and target spatial frequencies were either 1 or 8 cpd for JYS and 1, 5 or 8 cpd for GMB. One family of TvC functions was measured for each spatial frequency.
Results
Experiment 1
Figs. 5 and 6 show the results for subjects GMB and JYS, respectively. Contrast is measured in decibels (dB re 1) where 1 dB is one twentieth of a log unit. The results for the 1 and 10 Hz targets are shown above (A) and below (B), respectively. Solid lines show the best fit of the DI model to the data and are discussed in the next section. The thresholds shown are means of three (JYS) or four (GMB) measurements. The standard errors of the mean were roughly equal for all masker temporal frequencies and increased by a factor of about 1.2 from low to high masker contrasts. Mean standard errors are shown in Table 1 .
There is remarkable similarity between the two subjects. The shape of the TvC functions varies with masker temporal frequency in two ways. First, facilitation is greatest when masker and target frequencies are the same for both the 1 and 10 Hz targets. Facilitation decreases as the difference between target and masker frequency increases. Second, the slopes of the rising portion of the TvC functions vary within a family. Table 3 shows the slopes of the best fitting lines (method of least-squares) through the rising portions of each TvC function. Data included in the slope analysis were subjectively defined; points from the highest masker contrasts were chosen from a region where a straight line appeared to fit the data well. For the 1 Hz target, slopes are steepest at the intermediate masking frequency of 10 Hz. For the 10 Hz target, slopes generally increase with masker frequency. The change in slope violates the horizontal displacement rule and is inconsistent with the NE 1 model. The decrease in facilitation is inconsistent with models NE 1 and NE 2 .
Note also that maximum masking does not occur at the target frequency. The 1 Hz target is masked maximally by a 10 Hz masker and the 10 Hz target is masked maximally by a 20 Hz masker. Masking is greater at the masker frequencies above and below the 10 Hz target frequency than at the 10 Hz masker frequency.
Phenomenological reports from both subjects indicate that the percept does not vary systematically within a family of TvC functions. For all masker frequencies, the 1 Hz target was described as an oriented pattern that gradually appeared and then disappeared. The 10 Hz target produced a flickering or flashing percept in the presence of all masker temporal frequencies. The spatial configuration of the 10 Hz target was described as 'blob-like'. Interestingly, these reports are similar to the phenomenological 'flicker' and 'pattern' criteria used by Kulikowski and Tolhurst in their investigations of independent temporal channels (Kulikowski & Tolhurst, 1973) .
Experiment 2
Figs. 7 and 8 show the results of Experiment 2 for subjects GMB and JYS, respectively. Solid lines show the best fit of the DI model to the data. As in Experiment 1, the standard errors of the mean were roughly equal for all masker temporal frequencies and increased with masker contrast by a factor of about 1.3. Mean standard errors are shown in Table 2 .
There is good agreement between the experimental results of the two subjects. As in Experiment 1, the results are inconsistent with the horizontal shift rule predicted by the NE model. Both the slopes of the rising portions of each TvC function and the amount of facilitation vary within a family of TvC functions. Slopes of the regression line through the rising portion of TvC functions are shown in Table 4 . Slopes generally increase with the temporal frequency of the masker for all spatial frequencies, much like the slopes for the 10 Hz target in Experiment 1, but there is very little change in slope with spatial frequency. Facilitation is maximal when the masker frequency equals the target frequency of 7.5 Hz. Subjects reported that the 7.5 Hz target was described to 'flicker' or 'flash' at all spatial frequencies and appeared 'blob-like' in form. Again, maximum masking does not occur at the temporal frequency of 7.5 Hz. As in Experiment 1, masking is greater at the temporal frequencies below and above the target frequency.
Model fitting
Both the NE model (with one and two mechanisms) and the DI model were fitted to the data of Experiments 1 and 2. Both of the NE models make qualitative predictions that are inconsistent with the data. NE 1 predicts that any masker that excites the detecting mechanism will produce a TvC function which is a laterally shifted version of the others in our coordinates. The results clearly do not agree with that prediction. NE 2 predicts that the magnitude of facilitation will be the same for all maskers. The results do not agree with this prediction either. Legge and Foley, (1980) did show in the spatial domain that a NE model with multiple mechanisms can predict a decrease in facilitation as the difference between target and masker frequences increases. A similar analysis could apply in the temporal domain. However, this analysis assumes that there are multiple approximately equal peaks in the target waveform. That was not the case for our Gabor temporal waveforms. Nevertheless, we fitted all three models to our data.
The single-mechanism NE model (NE 1 ) requires four parameters for each TvC function. The two-mechanism NE model (NE 2 ) contains the same four parameters as NE 1 plus three more: additional excitatory sensitivities for the target and masker, and a nonlinear summation parameter, n. The parameter n was fixed to four, so the NE 2 model has six free parameters for a single TvC function. The DI model requires seven parameters for a single TvC function, but has only 6 d.f. (Appendix A). The parameter Z is therefore arbitrarily set to one. Table 5 is a description of the parameters for all three models.
The NE 1 model provides independent estimates of S Em for each of the five masker frequencies in the family. The remaining three parameters, S Et , p, and Z are shared within the family, requiring a total of 5+ 3 = 8 free parameters to predict a family of TvC functions (about 75 data points). The NE 2 model has six additional parameters (the five masker sensitivities and the one target sensitivity of the second mechanism). The DI model has independent estimates of S Em and S Im for each masker frequency in the family. The remaining four parameters, S Et , S It , p, and q are common to all TvC functions in the family, requiring a total of 2 × 5 +4= 14 free parameters to predict a family of TvC functions.
Fits of all three models to each family of TvC functions were obtained using an optimization procedure based on Powell's method (Press, Flannery, Teukolsky & Vetterling, 1988 ) of minimizing the sums of squared error (S.S.E.). For each family of TvC functions, 20 initial conditions were chosen by randomly perturbing the parameters from a set that provided a reasonable fit to the data. S.S.E. was then minimized using the optimization procedure for each of the 20 initial conditions. Of any set of 20 fits, parameter values of the best ten or so were approximately the same, indicating a global minimum of S.S.E. The parameter values from the best fit of these 20 optimizations were chosen as our estimate of the global minimum of S.S.E.
A statistical test of improvement in goodness of fit (Khuri & Cornell, 1987 ) was used to compare fits. This test takes into account the difference in the number of free parameters between one model and a more specific model that shares common, but fewer parameters. The test is in the form of the F statistic. The following is a description of the model fits for both experiments.
Experiment 1
In each of the four families of TvC functions in Experiment 1, the DI model was significantly better in goodness-of-fit over the NE 1 model (PB 0.001). It is clear from Figs. 5 and 6 that the DI model fits the data well. The differing slopes are captured by the model. However, the model does not always capture facilitation well. The DI model also produced a better fit than the NE 2 model in three of the four cases (the fits were equally as good in the fourth), even though the number of parameters are the same.
Sums of squared errors (S.S.E.) for all three models are shown in Table 1 . Mean standard error of the estimates and root mean squared error of the fit of the DI model are roughly similar, which indicates that the model is accounting for almost all of the effect except for random error. The parameter values from the best fits of the divisive inhibition model to the data, except for the sensitivities to the masker, are shown in Table 1 . Fig. 9 shows the excitatory and divisive inhibitory sensitivities of the detecting mechanism to maskers of different temporal frequencies. Functions for excitatory excitatory sensitivity. Recall that facilitation in the TvC functions (the dipper shape) is predicted by the divisive inhibition model when the excitatory sensitivity to the masker is high. The relatively narrow tuning of the excitatory sensitivity estimates in Fig. 9 , therefore reflects the facilitation effects seen in the TvC functions when target and masker are similar in temporal frequency (Figs. 5 and 6 ).
Experiment 2
A statistical comparison of fits from the three models to the data of Experiment 2 shows that the DI model fits better than the NE 1 model for all three families of TvC functions (PB 0.001). It also fits better than the NE 2 model in all five cases. Table 2 shows the mean squared errors for all three models and all of the parameter values from the best fits of the DI model to the data except for the sensitivities to the masker, which are plotted in Fig. 10 . As in Experiment 1, mean standard error of the estimates and root mean squared error of the fit of the DI model to the data are roughly similar. Although the fit is better than the NE models, the DI model fails to predict the facilitation found with subject JYS at both 1 and 8 cpd. The model appears not to be flexible enough to predict all aspects of these results.
Excitatory sensitivity estimates are band-pass at 1 and 5 cpd and low pass at 8 cpd. At 5 and 8 cpd, sensitivity are low-pass for 1 Hz target (Fig. 9A,C) and band-pass for the 10 Hz target (Fig. 9B,D) . The inhibitory sensitivity estimates show broader tuning than As in Experiment 1, excitatory and inhibitory sensitivity estimates are similar in magnitude when the masker temporal frequency is the same or similar to the target frequency (7.5 Hz). For the 1 and 5 cpd conditions, excitatory sensitivity drops below inhibitory sensitivity for the lowest frequency (1 Hz) masker. Thus at 1 and 5 cpd, excitatory tuning is narrower than inhibitory tuning. However, at 8 cpd excitatory and inhibitory sensitivities are nearly identical for all masker temporal frequencies.
Target sensiti6ities
The parameters S Et and S It (Tables 1 and 2 ) are excitatory and inhibitory sensitivity estimates of the detecting mechanism. In all cases, target excitatory sensitivity is greater than target inhibitory sensitivity. This differs from estimates of sensitivity to the masker, where inhibitory sensitivity is generally broader and greater than excitatory sensitivity. One possible explanation is that the inhibitory component, in addition to being broadly tuned to spatial and temporal frequencies, might also be sensitive to a greater spatial extent than the excitatory component. This would predict a greater sensitivity to the full-field masker than the restricted Gabor target. Foley (1994) found that a full-field masker masked more than a Gabor masker.
Excitatory and inhibitory target sensitivities estimated from Experiment 1 (2 cpd target) are greater than for the 10 Hz target and for the 1 Hz target. This is consistent with the masker excitatory and inhibitory sensitivities for all conditions except those with a target spatial frequency of 8 cpd.
Discussion
This study shows that TvC functions for different temporal frequency maskers differ greatly both in the magnitude of facilitation and in the slopes of the rising segments. This is a clear failure of the horizontal translation rule and is qualitatively inconsistent with the NE 1 and NE 2 models.
The NE models have survived until recently because they were not adequately tested. Although they successfully predict individual TvC functions, the models fail (both qualitatively and in goodness-of-fit) when tested with threshold measurements for a single target in the presence of maskers of differing masker temporal frequency and contrast. The NE 1 model predicts equal slopes of the rising segments of the TvC functions and constant facilitation. The multiple-mechanism version allows for different slopes, but also predicts constant facilitation. We found slopes to vary greatly within a family of TvC functions that share a single target. Also, excitatory tuning is very broad. The shape of the inhibitory tuning functions is broad and varies little across all three spatial frequencies. Inhibition is greatest for the 1 cpd conditions and for the 4 -15 Hz temporal frequency range of the masker. facilitation varied within each family of TvC functions, with maximal facilitation when target and masker were of the same temporal frequency. Such interactions between the contrast of the masker and other properties of the masker have been discovered previously for other classes of patterns (Georgeson & Georgeson, 1987; Ross & Speed, 1991; Foley & Boynton, 1994; Foley, 1994) . We have shown that across a wide variety of stimuli in the spatio-temporal domain that the DI model provides both a good fit and a statistically significant improvement in fit over the NE 1 model (with root mean error slightly larger than standard error). The DI model also fits better than the NE 2 model, even though the two models have the same number of free parameters. The DI model successfully describes the variation in the shapes of TvC functions across masker temporal frequency. It has previously been shown to describe TvC functions for different masker orientations relative to the target (Foley, 1994) . Although the new model fits well, the best fit does not always capture the facilitation that occurs when target and masker temporal frequencies are equal. This failure is not well understood and merits more study.
The relation between masker temporal frequency and threshold elevation found here differs in one important way from results in the literature. Masking functions from Lehky (1985) and Hess and Snowden (1992) are concave down. In our experiments using 7.5 and 10 Hz targets, we found less masking when masker and target are of the same temporal frequency than when the masker frequency is just above or below the target frequency. This phenomenon was also found using target temporal frequencies of 5, 15 and 30 Hz (Boynton & Foley, 1991) . We believe that this discrepancy can be explained by differences in experimental paradigms; unlike our study, both the Lehky (1985) and Hess and Snowden (1992) studies imposed a slight difference between target and masker. Lehky (1985) offset the orientation of the target, and Hess and Snowden (1992) randomly varied the temporal phase of the target with respect to the masker. Since facilitation is maximal when target and masker are similar (Legge & Foley, 1980; Georgeson, 1987) , these changes minimize differences in facilitation effects across conditions. Without these differences between the target and masker, facilitation occurs when target and masker have similar temporal frequencies. According to the DI model, the facilitation effect is the result of excitation by the masker. The facilitation effect lowers the entire rising portion of the TvC function. This explains why threshold elevation is not always maximal when the masker and target temporal frequencies are equal. The increased excitatory sensitivity to the masker shifts the TvC functions (when target and masker frequency are similar) downward for all masker contrasts (Fig. 2) . This study has two important implications for the interpretation of earlier masking studies. First, the variability in the shape of the TvC functions with masker frequency found in our study shows that the bandwidth of traditionally measured masking functions will vary with masker contrast. Thus, the masking functions measured by Hess and Snowden (1992) and Lehky (1985) do not generalize to maskers of all contrasts. Second, even if the variability in the shapes of TvC functions within a family are small, masking functions still do not directly reflect mechanism sensitivity functions, according to the DI model. The DI model predicts that the amount of masking at a single masker contrast is a consequence of both excitatory and inhibitory sensitivity to the masker. These two sensitivities are different functions of temporal frequency.
Using the DI model and the masking paradigm with a variety of masker orientations, Foley (1994) has shown that the detecting pattern vision mechanism has a narrowly tuned excitatory input and a broadly tuned inhibitory input in the orientation domain. Similarly, in this paper we have shown, by masking with a variety of temporal frequencies, that excitatory sensitivity is more narrowly tuned to temporal frequency than is inhibitory sensitivity. Excitatory sensitivity generally peaks at the temporal frequency of the target. Inhibitory sensitivity is very broadly tuned and varies little across the families of TvC functions. Unlike masking across orientation, the difference in tuning between excitation and inhibition is much less dramatic along the temporal frequency dimension and disappears at a high (8 c/deg) spatial frequency.
It is possible that the excitatory and inhibitory temporal sensitivity functions estimated here reflect the tuning of a subset of a finite number of detecting mechanisms in the spatio-temporal domain. However, attempts to fit multiple families of TvC functions with the same sensitivity parameters failed. This suggests that there are that there are at least several spatio-temporal mechanisms with different sensitivities. The simi-ilarity of the inhibitory sensitivities to the masker across families of TvC functions is encouraging. It seems likely that the inhibitory sensitivities reflect the pooled responses of differently tuned mechanisms. These underlying mechanisms may be the same as those measured by the excitatory sensitivity estimates.
The DI model was adapted to the temporal domain by assuming that the thresholds depend on the mechanism response at one moment in time. Although this model accounts for our results well, it does not account for the effect of target duration (Legge, 1978; Watson, 1979) or for the effect of relative temporal phase in masking (Breitmeyer & Ganz, 1977) .
It seems very likely that a more elaborate model that specifies the mechanism response as a function of time and provides for integration of the response over time will be necessary to account for these effects.
Conclusion
We have shown that when one temporally modulated pattern is masked by another, the form of the TvC function varies greatly with the temporal frequency of the patterns. These data are poorly fitted by a onemechanism nonlinear excitation model. A two-mechanism nonlinear excitation model does not fit as well as a divisive inhibition model. Fits of the divisive inhibition model to the data indicate that a different mechanism detects each of the five target patterns. This indicates that there are several spatio-temporal pattern mechanisms in the human visual system that differ in their response functions as well as their tuning. These fits also suggest that excitatory tuning is narrower than divisive inhibitory tuning except at high spatial frequencies where they are approximately the same. Finally, excitatory tuning is low-pass for mechanisms tuned to low temporal frequencies and high spatial frequencies, and band-pass for mechanisms tuned to high temporal frequencies and low spatial frequencies.
